There is a unique in vivo interplay involving the mechanism of inactivation of acetylcholinesterase (AChE) by toxic organophosphorus (OP) compounds and the restoration of AChE activity by oxime antidotes. OP compounds form covalent adducts to this critical enzyme target and oximes are introduced to directly displace the OP from AChE. For the most part, the in vivo inactivation of AChE leading to neurotoxicity and antidote-based therapeutic reversal of this mechanism are well understood, however, these molecular-level events have not been evaluated by dynamic imaging in living systems at millimeter resolution. A deeper understanding of these critically, time-dependent mechanisms is needed to develop new countermeasures. To address this void and to help accelerate the development of new countermeasures, positron-emission tomography (PET) has been investigated as a unique opportunity to create platform technologies to directly examine the interdependent toxicokinetic/pharmacokinetic and toxicodynamic/pharmacodynamic features of OPs and oximes in real time within live animals. This review will cover two first-in-class PET tracers representing an OP and an oxime antidote, including their preparation, requisite pharmacologic investigations, mechanistic interpretations, biodistribution and imaging.
Introduction
Although a continued threat to civilians exists from government/ military use of toxic organophosphorus (OP) chemical warfare agents (CWAs), a mounting and equally troubling concern is that highly lethal forms of OPs are relatively accessible or can be prepared from inexpensive precursors. It is a solemn realization, therefore, that toxic OPs can be synthesized in a small space and are a more practical weapon to a shadow organization than biological or radioactive agents. Whether prepared or acquired illegally, the potential remains that rogue groups or nations will deploy OPs in actions against civilians ranging from large urban centers to targeted individuals (Chai et al., 2017; Holstege et al., 1997; John et al., 2018; Okumura et al., 2005a) . However, the availability of toxic substances is only one concern. OPs are among the most feared chemical weapons due a combination of factors. Foremost, OPs are very toxic, for example, an oral exposure of just 0.5 mg VX is enough to kill a 75 kg human and in non-lethal cases cause seizure that can progress to status epilepticus (Chai et al., 2017) . Even a single, low-level exposure to an OP can cause serious neurologic problems. Second, OPs are remarkably fast acting with symptoms of neurotoxicity occurring within one minute of exposure. This is due to the fact that OPs block an essential, ultra-fast neurotransmitter-processing enzyme in the central nervous system (CNS) called acetylcholinesterase (AChE).
The rapid onset of toxicity and array of symptoms from OP exposures presents numerous challenges for first responders who must identify the exposure type and administer standard of care therapeutics (Deshpande et al., 2016; McCarren et al., 2018; Niquet et al., 2017a; Niquet et al., 2017b; Skovira et al., 2010) . Thus, exposure to OPs presents a multi-tiered challenge to address a complex toxidrome that is dose-and time-sensitive. As researchers better characterize toxic pathways associated with OP exposures and formulate possible pharmacotherapies, it became clear that the field lacked a platform technology -a routine or standardized approach to understand the rapid toxicokinetics and to interrogate new and existing countermeasures. A well-defined, consistent approach to acquire and assess dynamic, in vivo molecular-level events at the origin of exposure would more rapidly advance new and existing therapeutics. 
Organophosphorus compounds

Structure of toxic organophosphorus compounds
Toxic organophosphorus (OP) compounds include the chemical warfare agents (CWAs) such as the G-agents (e.g., sarin, soman, cyclosarin, tabun) and V-agents (VX, VR), the novichoks (e.g., A-232 and A-234), the serine protease inhibitor diisopropyl fluorophosphate (DFP), and certain insecticides like parathion and paraoxon among others (Fig. 1) . Most toxic OP compounds are pentavalent structures bearing three single-bonded groups and a pi-bond (P]O or P]S) (Fig. 1 ). CWAs are distinguished by a methyl to phosphorus bond (phosphonate), phosphoryl (P]O), phosphoester (P-OR) and bear a leaving group such as fluorine (G-agents) or substituted thiolester (P-SR; Vagents). OP insecticides typically have two identical phosphorus ester groups usually P-OMe or P-OEt, a thiophosphoryl (P]S) and usually an O-aryl leaving group. The thiophosphoryl imparts greatly reduced reactivity as compared to P]O, and O-aryl leaving groups are less reactive and volatile than fluorine leading to a combination of properties that confers a greater margin of safety to the use of OP insecticides.
The key chemical transformation that renders OP insecticides toxic is the conversion of the relatively unreactive thiophosphoryl (P]S) moiety into the corresponding oxon (P]O). The process occurs readily in vivo in principle converted or 'activating' the insecticide into the oxon form (P]O) and increasing the reactivity toward AChE by about 1000-fold. DFP and the novichoks contain the P]O and the fluorine leaving group, and like the CWAs require no oxidative activation. CWAs differ from the other OPs in that they contain a carbon-phosphorus (phosphonate) bond.
Mechanism of acetylcholinesterase inhibition
The triggering event in OP toxicity is the inhibition of AChE (Scheme 1). When AChE is inactivated, it can no longer hydrolyze the neurotransmitter acetylcholine (ACh): a process that if unabated causes synaptic concentrations of ACh to rise to toxic levels stimulating autonomic receptors and depolarizing block of neuromuscular junction receptors on the post-synaptic neuron (Fukuto, 1990a; Gallo and Lawryk, 1991; Stine and Brown, 1996; Sultatos, 1994; Taylor, 2018) . The mechanism of inhibition is conserved for most reactive OP compounds and affords OP-AChE adducts that for CWAs bearing R 1 = Me vary only in the alkyl substituent R 2 (Scheme 1). This difference in alkoxyl group dictates the rate and extent of inhibition and postinhibition mechanism (vide infra). Paraoxon, the oxidized form of parathion, affords a diethoxyphosphoryl adduct of AChE (R 1 = OEt, R 2 = Et). Butyrylcholinesterase (BChE) and other serine hydrolases can also be inactivated by OPs (Casida and Quistad, 2005 ) but most are not linked to the neurologic sequelae. OP inhibition of AChE forms an OP-AChE adduct that is far more stable than the acylated adduct formed from the natural substrate ACh or the carbamoylated version formed from carbamate inhibitors (e.g., physostigmine). Carbamoylated AChE adducts are somewhat labile and the enzyme activity can be restored in minutes by reaction with water whereas this 'spontaneous reactivation' process can take hours to days in the case of OP-AChE adducts (Scheme 1; water). For phosphylated AChE, spontaneous reactivation is facilitated when the alkoxy groups attached to phosphorus are small (e.g., R 2 = Me, Et). When spontaneous reactivation is slow or impeded, sustained AChE inhibition occurs and accounts for the neurotoxic action (Taylor, 2018) . Although the mechanism of AChE inhibition by OPs forms OP-AChE adducts, post-inhibitory processes are not limited to just spontaneous reactivation, and another process termed 'aging' can occur.
Reactivation and aging of OP-AChE adducts: oxime antidotes
Toxic OP exposures are treated with a standard of care (SOC) that includes a cholinesterase reactivator (an oxime), a muscarinic receptor antagonist (atropine), and an antiseizure agent (midazolam, diazepam) (Ohbu et al., 1997; Okumura et al., 1996) along with supportive care. The role of the oxime is specific to the mechanism of OP inhibition and restores AChE activity by displacing the OP moiety from the active site serine (Scheme 1). The process is greatly accelerated compared to spontaneous reactivation due to the affinity of cationic oximes for AChE and the oxime nucleophilicity. The clinically approved oximes include 2-PAM (US), HI-6 (Canada), and obidoxime or HI-6 (European Union). Although there is clear therapeutic value in the administration of oximes, none of those clinically-approved readily enter brain (Ahn et al., 2011; Shih et al., 2010a; Shih et al., 2010b) C.M. Thompson, et al. Neurobiology of Disease xxx (xxxx) xxxx half-life of~1-2 h (Jovanovic, 1989) typically requiring repetitive dosing. These combined factors can limit oxime reactivation of OPmodified AChE in the CNS. Further complicating oxime efficacy is the wide variation in the response of OP-AChE adducts to nucleophilic oximes with some OP-AChE adducts readily reactivated and some fully refractory to oxime therapeutic action. Without oxime intervention, prolonged blockade of AChE occurs and can lead to long-term neurologic symptoms as reported among Tokyo sarin attack victims (Okumura et al., 2005a; Okumura et al., 2005b) . The reactivation mechanism of OP-modified AChE is conserved among the oxime antidotes in which the oxime oxyanion moiety (R-CH]NO − ) displaces the entire phosphorus group from the serine hydroxyl (Ashani et al., 1998; Berkman et al., 1993; Berman et al., 1995; Langenberg et al., 1988; Lanks and Seleznick, 1981; Lieske et al., 1980; Ryu et al., 1991; Wilson et al., 1992) . Oximes work extremely well when the phosphorus group attached to serine contains small groups (Scheme 1; R 1 , R 2 = Me, Et) and the oxime proficiency decreases as the size of the groups attached to phosphorus increase. For example, if the phosphorus moiety contains a highly branched ester group (Scheme 1; R 2 = iPr, etc.), it is more difficult for the nucleophilic oxime to approach the phosphorus to displace it from the serine. Moreover, certain OP-AChE adducts can become non-reactive toward oximes due to 'aging' in which the OP-AChE adduct forms a phosphorus oxyanion (Scheme 1). Aging arises when a phosphorus alkyl (R 2 ) group is cleaved from the OP-AChE complex (Barak et al., 1997; Elhanany et al., 2001; George et al., 2003; Lanks and Seleznick, 1981; Millard et al., 1999; Ordentlich et al., 1999; Wallace and Herzberg, 1988) , and is more common when most readily when R 2 is highly branched. The resultant phosphoanion is refractory to oxime reactivation due to charge repulsion. Certain CWAs such as soman [R 2 = CH(Me)C(Me) 3 ] form OPAChE adducts that undergo aging in minutes limiting the possibility of oxime reactivation. To address the limitation in blood brain penetration by cationic oximes, hydrophobic analogs (Chambers et al., 2016a; Chambers et al., 2013; Chambers et al., 2016b; Chambers et al., 2016c) and neutral oximes (Bedford et al., 1986a; Bedford et al., 1986b; de Koning et al., 2011; Okuno et al., 2008; Radic et al., 2012; Sit et al., 2014; Sit et al., 2011) capable of penetrating the BBB have been investigated and show promise as useful alternatives to charged oximes. Recent attempts have also been made to reactivate aged AChE (Zhuang et al., 2018) . With new structures being advanced as potential BBB-penetrating antidote therapeutics, investigators will need to accurately assess their clinical potential and could benefit from a dynamic functional assay in live vertebrates.
OP compounds: exposures and toxicity
Ps have a rich history as pest control agents in crop protection, flame retardants, plasticizers, and as highly useful reagents in the preparation of therapeutic drugs. Despite their importance and commercial success there remains a constant balancing act between utility and the public concerns connected with exposure to OP compounds. The principle reason for concern covered prior is that OP CWAs and OP insecticide oxons share chemical features ( Fig. 1) , high reactivity, and as covered prior, the same mechanism of toxic action including inactivation of AChE. It is alarming that significant quantities of OP reach target tissues in sufficient quantities to effectively disable AChE and cause neurotoxicity through many different exposure routes. Several physico-chemical properties expedite the enzyme-disabling event. Most neurotoxic OPs are very small molecules with molecular weight~350 or less that are internalized rapidly upon exposure, experience facile passage and movement within the bloodstream, poorly bind plasma proteins (Black et al., 1999; Goncharov et al., 2017; Suganthi and Elango, 2017; Tarhoni et al., 2008) , and penetrate cell (Bharate et al., 2010) and tissues via passive diffusion. Thus, OPs can cross membranes and accumulate to sufficient levels in brain where they can inactivate the target AChE but also peripheral AChE.
The cholinergic toxicity that results from either CWA or OP insecticide exposure has been reviewed (Ballantyne and Marrs, 1992; Barthold and Schier, 2005; Collombet, 2011; Gearhart et al., 1994; Taylor, 2018) . Other non-cholinergic or possibly cholinergic-associated sequelae have been linked to OP exposures including ataxia, delayed neuropathy, pulmonary toxicity, genotoxicity, Parkinson's and vision loss (Aldridge and Nemery, 1984; Ames et al., 1995; Carlson and Ehrich, 2004; Dementi, 1994; Dyer et al., 2001; Gallo and Lawryk, 1991; Imamura and Gandy, 1988; Imamura and Hasegawa, 1984; Kamijima and Casida, 1999; Lotti and Moretto, 1999; Meinert et al., 2000; Moretto and Lotti, 1998; Richardson et al., 2013; Schuz et al., 2000; Sherman, 1996; Stephens et al., 1995; Stine and Brown, 1996) . However, these toxicities are not connected through a common mechanism of inactivation nor a mutual target. Rather, much of the evidence connecting OPs to these non-cholinergic sequelae result from slower developing molecular events and/or chronic exposures to relatively weak anti-cholinesterases, which differ greatly in mode of action from the highly reactive OPs covered here (Fig. 1) . Still, some nonAChE protein targets are modified by reactive OPs (Casida and Quistad, 2004b; Casida and Quistad, 2005) ; (Carlson and Ehrich, 2004; Casida and Quistad, 2004a; Casida and Quistad, 2005; Grigoryan et al., 2009; Grigoryan et al., 2008; Peeples et al., 2005; Tarhoni et al., 2008) although many do not affect the CNS. imaged over time and quantitatively analyzed using a relatively noninvasive procedure (Ametamey et al., 2008; Heiss and Herholz, 2006) . PET tracers report on a dynamic, evolving biological process in vivo with the capacity to monitor distribution of small molecules into entire tissues or tissue regions, 'frame' specific time domains or snapshots of distribution, or acquire cumulative information in tissues or whole body over the lifetime of the tracer. The nature and unique capabilities of PET imaging exquisitely reports on tracer tissue and blood distributions and molecule-level interactions. PET studies are broadly interactive furnishing a deeper understanding of molecular events that inform and can lead to improved therapeutics. When it comes to measuring events at the molecular level for example enzyme/receptor interactions, pharmacokinetics, blood flow and pharmacologic characteristics, in vivo PET with parallel biodistribution profiling rates are among the most highly sensitive methods. What pertains most to OP exposures and toxicity is that the radioisotopes used in PET can be quantified at nanogram to picogram concentrations over time in live tissues, which is a key advantage over other imaging techniques given the microgram-level toxicity of OPs. This low level of detection is considered important for tracking the mechanism of action of OPs at sub-toxic (nanogram) levels. Often less appreciated is that the PET radioisotopes generated at a cyclotron facility decay quickly (t ½~m in to hr). In combination with PET tracer ultra-low sensitivity, the short half-lives are an advantage in that the live subject is rapidly cleared of radioisotope and in principle, available for additional tracer experiments where longitudinal studies are desired. However, short duration isotopes such as carbon-11 can present some challenges where biodistribution rates and binding mechanisms are slow. Still, a well-devised PET tracer even of limited half-life can be used to conduct both shortand long-range exposure studies on a single subject. For example, PET tracers can be introduced immediately following an OP exposure to interrogate changes in tissue levels, but can also be used to assess tissue changes from days to weeks post-exposure. PET imaging and related studies offer a number of advantages to investigate OP threat agents and countermeasure therapies in live tissues. However, it is important to recognize that a significant body of previous in vitro and in vivo research, using traditional radiotracers (e.g., tritium and carbon-14 radionuclides) pioneered this field (Firemark et al., 1964; Lenz et al., 1983; Little et al., 1986; Martin, 1985; Michel et al., 1967; Shapira et al., 1990; Viragh et al., 1999) . These groundbreaking tracer investigations provided specific experimental insights as the biodistribution of select OPs or oximes to the PNS and CNS, the metabolism of OPs and oximes, and the effect of therapeutic oximes on the OP distribution and vice versa. In addition, these studies provided the important in vitro pharmacology, toxicology and biological benchmark data that can be used to validate the performance qualities of firstin-class PET tracers. Unique challenges to the present research are that unlike most PET studies of traditional drug binding, OP PET tracers covalently modify AChE as the target and conversely oxime antidotes lack a high-affinity pharmacologic target in the absence of an OP exposure. Even after an OP has modified AChE, the oxime does not truly 'bind' the target reacting only with OP-modified AChE.
Positron emission tomography
Positron emission tomography (PET) as a unique imaging tool
Since OPs access brain within seconds to minutes regardless of the route of exposure or dose amount (ng to mg), positron emission tomography (PET) emerged as an ideal, dynamic quantitative methodology to first evaluate the rapid pharmacokinetic parameters of exposure and subsequently, to interrogate new and existing medical countermeasures in live subjects. However, present studies were undertaken with the understanding that the existing literature in PET research may not be fully applicable to OPs, and that a customized research approach may be needed to corroborate and confirm the in vivo pharmacokinetic and pharmacodynamic data thus obtained. Since OPs are considered toxicants and not drugs, the terms toxicokinetics and toxicodynamics are utilized for the OP tracer studies. (Welling, 1995) This review covers some recent advances using PET imaging and cognate biodistribution profiling to investigate OP mechanism of action and antidotes used to counteract toxic OP exposures. The preparation, development, optimization and in vivo analyses of new positron-labeled tracer analogs of OP threat agents and an oxime countermeasure are covered below.
PET imaging and biodistribution measures
It is widely appreciated that dynamic PET imaging is the preferred in vivo method for quantitative assessments of molecular level, biological-pharmacological events in live animals. PET studies targeting proteins and/or drug interactions have been used to extensively and successfully evaluate small molecule tracer tissue distribution profiles and tracer-target interactions in living tissue (Ametamey et al., 2008; Eckelman et al., 2006; Eckelman and Mathis, 2006a; Eckelman and Mathis, 2006b; Hesse et al., 2004; Laakso and Hietala, 2000; Laruelle et al., 2002) . PET tracers (positron-labeled radioligands) employ a betaemitter atom that after injection undergoes discrete kinetic compartmentalization processes resulting in three-dimensional (3D) reconstructed volumetric tissue images (Cunningham and Lammertsma, 1994; Innis et al., 2007; Laruelle et al., 2002; Laruelle et al., 2003) that are dependent on PET scanner resolution. Well-known strengths of PET include powerful quantitation of regional molecular level events (Frangioni, 2006) , target protein populations (Frankle et al., 2004; Innis et al., 2007; Laruelle et al., 2003) , tracer tissue distribution volume ratios (Ding and Fowler, 2005; Ding et al., 2006; Ding et al., 2005; Logan, 2000; Logan et al., 2005; Logan et al., 1990) , and of relevance to this study target binding potentials for functional AChE (Blomqvist et al., 2001; Darvesh, 2013; Funaki et al., 2003; Heiss and Herholz, 2006; Hiraoka et al., 2009; Kikuchi et al., 2007; Kikuchi et al., 2010; Koeppe et al., 1999; Musachio et al., 2002; Pappata et al., 1996; Planas et al., 1994; Ryu et al., 2005; Shinotoh et al., 2004; Tavitian et al., 1993; Volkow et al., 2001) . PET studies offer the advantage of in vivo dynamic imaging of tissues resulting in temporal measures occurring over the lifetime of the tracer. For some studies the imaging subject can be evaluated repeatedly (e.g., on the same day or subsequent days) for longitudinal appraisal of temporal changes. Given the remarkable sensitivity of PET tracers, in vivo tissue events can be measured and followed with PET imaging, where biodistribution profiling further confirms tracer tissue fates. Tracers showing optimal in vivo profiles can be advanced into non-human primate imaging platforms that can be utilized by investigators to determine PK-PD profiles of new therapeutics or to satisfy FDA Animal Rule criteria (Borsook et al., 2013) . Importantly, PET imaging-based platforms provide a means to establish proof of mechanism(s) of actions, which can be applied to the study of countermeasures acting at AChE and related targets.
Strategies and considerations for dynamic, in vivo assessments with covalent modifiers
One of the distinguishing characteristics of OP PET tracers is that they will covalently modify their target. Most drugs are translated into their corresponding PET tracer forms so that their target can be interrogated through traditional ligand binding interactions with known association/dissociation constants. In the case of OP tracers, dissociation rates are only relatable to the target AChE itself since a predictable long-term washout from AChE is not anticipated based on mechanism. Thus, an OP PET tracer can quantitatively report on available pools of AChE as the pharmacodynamic target. Since the target is covalently modified, tracer levels in AChE-rich tissues would be expected to rise initially and then undergo washout of free OP and OP metabolites to afford a steady state level of tracer corresponding to AChE-OP adduct. It is also possible that the AChE-OP tracer levels could decrease over the course of the experiment in cases where the OP undergoes the 'aging' process. In this instance, the OP-AChE adduct remains intact but the positron-labeled molecular component is lost along with the aged alkoxy group (lost to dealkylation).
Overall, OP tracers react with functionally-active AChE and then report on the resultant inactivated pool of enzyme. The extent and duration of AChE inhibition by OP PET tracers could be monitored within live animals in a time-dependent process, including inactivation by other OPs or reactivation by new and existing oxime antidotes. Although it is considered less consequential in the mechanism of toxicity, a covalent bond is also formed in the reactivation process when the oxime antidote reacts at the OP phosphorus atom to displace it from the AChE serine. However, OP-oximates are believed to be of transient lifetime due to Beckman-type elimination and/or hydrolysis (Ashani et al., 2003; Leader et al., 1999) , and in the bloodstream where degrading enzymes are present such that the neurologic importance of OP-oximates is low.
PET radiotracers: carbon-11 and fluorine-18
The insertion or replacement of a radionuclide atom into a drug molecule is intended to 'label' or 'tag' the structure enabling in vivo tracking while retaining the PK properties and importantly, the specific PD action of the original drug. Among the PET radiotracers used in drug labeling, carbon-11 and fluorine-18 radionuclides are the most widely used. Carbon-11 is an important radionuclide because introduction into a drug molecule by replacement of a carbon-12 non-radioactive atom results in identical PK/PD characteristics (Antoni, 2015) . However, the rapid half-life of carbon-11 ( 11 C, t ½ = 20 min) combined with the radiochemical transformation challenges of directly adding a onecarbon moiety can limit certain applications. Fluorine-18 ( 18 F) is widely used as a tracer radionuclide and benefits from advances in fluorine chemistry such that fluorine-18 can label drug molecules with surprising chemical reaction flexibility (Alauddin, 2012) . However, the addition of a fluorine atom to a drug can alter the drug PK/PD characteristics if a fluorine-18 atom is a novel addition. Here, a battery of in vitro and in vivo studies is typically required to validate these new pharmacological properties. A key advantage to fluorine-18 is that it possesses a far greater half-life (t ½ = 110 min) than carbon-11 allowing for more sustained experimental evaluations and measures to be conducted. Since both carbon-11 and fluorine-18 radiolabeling transformations are efficient, both tracer types can be produced in high molar (specific) activity. This allows for remarkable tracer sensitivity measures while taking advantage of very short half-lives. Hence, studies in our laboratories have focused on both carbon-11 and fluorine-18 tracers.
Design and synthesis of organophosphorus PET tracers
The design and preparation of custom OP PET tracers was undertaken with the goal of examining: a) PK distributions, b) PD fates including the in vivo inactivation and labeling of AChE rich tissues, c) spatio-temporal imaging (Clarkson and Kupinski, 2009; Scarpelli et al., 2018 ) (e.g., Fig. 4 ) and, d) conducting challenge studies in which displacement or blocking of the OP tracer from AChE-rich regions could be observed and quantified. Several design elements were considered in the development of OP PET tracers all requiring an understanding of the mechanism of action.
The approach focused on PET tracers of chemical agent 'surrogates' -OP compounds in which the leaving group of the chemical warfare agent (F, thiolester) has been exchanged for p-nitrophenyl (PNP) (Fig. 1) . Replacement with the PNP group preserves the mechanism of inhibition ( Fig. 2) (Chao et al., 2016; Chao et al., 2018; Meek et al., 2012) while reducing reactivity and volatility and conveniently adds a chromophore for analysis. The methyl-phosphonate bond and alkoxyester are retained as substituents in the surrogates.
As noted, OPs differ from most drugs converted into PET tracers because OPs bind their target (AChE) by formation of a largely irreversible, covalent bond. This process works synchronously with the ejection of a leaving group, so by design, the tracer atom cannot be part of the leaving group because once ejected it would not report on OPmodified AChE. Due to proximity and electronegativity considerations installing a fluorine-18 ([ 18 F]) radionuclide at the phosphonate methyl group as a P-CH 2 F would alter the reactivity at phosphorus and alter the methylene (-CH 2 -) acidity. Therefore, the alkoxy group was chosen for incorporation of the fluorine and eventual [ 18 F]OP surrogate tracer as it would afford OP-AChE adducts with the fluorine-18 attached to report on AChE (Fig. 2) .
Although placement of a carbon-11 label at the phosphorus methyl group would afford a highly desirable OP tracer, the synthetic methods to create a carbon-phosphorus bond were considered incompatible with the short carbon-11 tracer lifetime. Given this obstacle, the alkoxy substituent was again chosen for placement of the [ 11 C]-radionucleide that in theory affords PET-labeled OP-AChE adducts with the tracer as shown for the fluoro-VX and fluoro-sarin surrogates (Fig. 2) .
To prepare the fluorine-containing OP surrogates, [ 18 F]fluoroalcohols (Pan et al., 2013) or fluorotosylates were used (James et al., 2014; Neumann et al., 2017) in transesterification or alkylation processes. 2-Fluoroethanol and 1-fluoro-2-propanol were produced from fluoride ring opening of ethylene or propylene sulfite, respectively (Hayes et al., 2018 It is important to realize that all of the radiotracer syntheses are under continual, iterative refinement and optimization. Although the radiotracer purity is at least 98% for both the reported processes, new methods come forward that increase molar activity and reduce impurities that not only lead to more reliable and reproducible experimentation but enable possible robotic automated conversion and routine tracer output.
Design and synthesis of oxime antidote PET tracers
From the prior section, it was shown that carbon-11 and fluorine-18 organophosphate PET radiotracers can be prepared. The availability of these tracers increase opportunities to evaluate OP toxicity in live subjects. As a complementary approach, oximes converted into radiotracers could identify differences in PK and PD measures for existing and new antidotes in the absence and presence of OP exposures.
For the oximes, only carbon-11 radiotracers were considered due to the potential difficulty of placing a fluorine atom on the N-alkyl pyridinium (methyl, etc.) or directly onto the pyridine ring as the resultant respective tracers would require investigations of changes to the pharmacokinetics relative to the parent oxime forms. Since N-alkylation radiolabeling reactions are well known (Antoni, 2015) Still, the [ 11 C]2-PAM radiosynthesis required significant revision of non-radioactive methodology, because the reported non-radioactive synthesis used excess methyl iodide to induce the pyridyl-nitrogen alkylation and precipitate the product salt, which is not suitable for radiotracer work. Using polar, aprotic solvents (e.g., DMF) at higher temperatures led to good conversion to [ 11 C]2-PAM (based on methyl iodide) using a 100-fold excess of pyridine-2-aldoxime. Further refinements in the radiosynthesis using acetonitrile in a sealed tube led to [ 11 C]2-PAM in good radiochemical yield, molar activity, and > 95% radiochemical purity in < 40 min (Scheme 4). Similarly, the preparations of other oxime radiotracers are feasible and currently underway.
18 F-VX surrogate: O-(2-[
F]fluoroethyl)-O-(p-nitrophenyl) methylphosphonate
The successful radiosynthesis of the [
18 F]VX-surrogate generates the possibility for, tracer experiments in live animals. However, the usefulness of any tracer in which a fluorine atom has been added requires that the physico-chemical properties and, in this instance, the mechanism of inhibition be assessed before experiments are conducted in live subjects. If the fluorinated analog was unstable, and therefore unable to access CNS tissues at biologically-relevant levels or was a poor inhibitor of AChE, the effectiveness of the F-VX surrogate as tracer would be diminished. The demonstration that the F-VX surrogate has comparable stability to most OPs and is a potent anti-AChE inhibitor potency would permit a mechanistic precedent and advance complete in vivo evaluation of toxicokinetic properties and as a platform technology in rodents. In this section, the interactions of the unlabeled F-VX-surrogate with AChE are covered first followed by imaging studies with the [ 18 F]VX-surrogate.
AChE inhibition by the F-VX surrogate; role of fluorine
There are scant relevant examples of OPs bearing a P-O-CH 2 CH 2 X (X = halogen) group to compare anti-AChE potency with the F-VX surrogate, so neither chemical nor enzymatic reactivities could be readily predicted a priori. Nevertheless, addition of an electron-withdrawing fluorine to a phosphoester as in the F-VX surrogate might be expected to increase the reactivity at phosphorus with nucleophiles while suppressing reactions that occur under acid conditions. Hydrolysis rates were determined for F-VX surrogate by measurement of displaced nitrophenolate anion (λ max = 405 nm) (Chao et al., 2016) . The stability of F-VX surrogate in phosphate buffered saline (PBS) at pH 7.4 afforded the pseudo first order rate constants (k obsd ) of 3.25 × 10 −4 min −1 (t ½ = 35.6 h) at 25°C and 8. and Metcalf, 1959) . Overall, the hydrolysis rates indicate that F-VX surrogate is stable at pH 7.4 for the duration of PET experiments (e.g., 1-6 h), but significant breakdown could occur over prolonged time. The rate constants for F-VX surrogate are comparable to triester OP compounds bearing a PNP group (e.g., paraoxon) although the hydrolysis conditions differed (Cox and Ramsay, 1964) . From the hydrolysis data, it was determined that the presence of the fluorine atom does not accelerate hydrolytic degradation, and was stable in solution for the in vitro enzyme assays, and similarly will be stable in PBS formulations used in vivo for the tracer [ 18 F]VX-surrogate.
The inhibition rate and mechanism of AChE inhibition by F-VX surrogate was studied against several cholinesterases (Chao et al., 2016; Kaleem Ahmed et al., 2013 [F]-labeled enzyme from F-VX surrogate. To validate the AChE-adduct formed from the F-VX surrogate, MALDI-TOF mass spectrometry analyses were conducted to identify the OP moiety attached to HuAChE or HuBChE. Following inhibition by the F-VX surrogate, the OP-ChE adducts were separated from surplus F-VX surrogate, digested with trypsin, and the peptide bearing the active site serine analyzed for mass changes. The predicted peptide masses for the monoisotopic ions would display the F-VX-surrogate modified peptide with a net mass increase by m/z 124. With both enzymes, the MeP(O) (OCH 2 CH 2 F)-O-serine peptides were identified (Table 1 ) with a mass increase of 124 indicating a mechanism in which the inhibition occurs with loss of the PNP leaving group. A time-dependent MALDI-TOF MS analyses of the VX-and F-VX modified peptides showed a steady reduction in the amount of adduct versus unmodified parent peptide suggesting initial formation of the adduct that undergoes reactivation over time (Chao et al., 2018) .
The mechanism of AChE reactivation and aging following inhibition by the F-VX surrogate
To confirm that the in vivo studies with [
18 F]VX-surrogate PET tracer represent stable modifications of cholinesterases, it was essential to ascertain the identity of the OP-AChE modification over the course of the tracer lifetime. As noted in the design, loss of the [ 18 F]labeled ester moiety to aging, for example, could afford pools of inhibited, yet unlabeled AChE that would alter or underestimate the dynamic measures. Therefore, the rate and extent of reactivation and aging of cholinesterases that were inhibited by the F-VX surrogate were conducted. Both spontaneous and oxime-mediated reactivation experiments were performed to parallel in vivo experiments representing baseline and countermeasure intervention. The aging rate is obtained from the nonreactivatable fraction of enzyme following the addition of oxime. Spontaneous reactivation is a process whereby formation of the OPcholinesterase adduct is reversed by scission of the phosphoserine bond without the aid of reactivating agents (Bajgar, 2004; Barthold and Schier, 2005; Fukuto, 1990b; Holstege et al., 1997; Kuca et al., 2010a; Taylor, 2018; Worek et al., 2008) and part or all of the catalytic activity is restored. Typically, OP-ChE adducts containing P-OMe or P-OEt groups undergo spontaneous reactivation in a few minutes to hours (Morita, 1995; Worek et al., 2008) whereas OP-ChE adducts with branched esters like P-OiPr or P-OCH(Me)C(Me) 3 reactivate slowly and/or undergo an alternate mechanism known as aging. Spontaneous reactivation also occurs at rates > 100-fold slower than oxime-mediated reactivation (e.g., [2-PAM] = 1.0 μM) (Chao et al., 2016; Chao et al., 2018; Worek et al., 2008) .
HuAChE or huBChE were treated with F-VX-surrogate (from 10 to 160 nM) to > 95% inhibition and the recovery of enzyme activity measured following dilution to halt further inhibition or possible reinhibition. The spontaneous reactivation rate constants (k r ) for were 9.31 × 10 −5 min −1 (t 1/2 = 124 h; HuAChE) and 1.13 × 10 −4 min −1
(t 1/2 = 102 h; HuBChE), which data is in general agreement with k r rates found for VX and the p-nitrophenoxy VX surrogates (Albuquerque et al., 2006; Coban et al., 2016; Kuca et al., 2010a; Sidell and Groff, 1974 Oxime-mediated reactivation of cholinesterases inhibited by the F-VX-surrogate was conducted with 2-PAM (10.0 μM; FDA-approved for OP exposure) (Chao et al., 2016; Chao et al., 2018) . The reaction of the ChE-OP(O)(CH 3 )(OCH 2 CH 2 F) inhibited adducts with 2-PAM was evaluated in vitro using the same inhibitor concentrations used for spontaneous reactivation. Following inhibition of huAChE or huBChE (0.16 nM) with F-VX surrogate at 30 min and then at 18 h, the enzymic activity was measured. HuAChE inhibited by F-VX surrogate underwent oxime-mediated reactivation of 2.40 × 10 −2 min −1 (t ½ = 0.48 h) and 2.47 × 10 −2 min −1 (t ½ = 0.47 h) at 30 min and 18 h, respectively. The rapid rate and extent of oxime-mediated reactivation suggests that aging does not occur to an appreciable extent. However, 12% aging was observed at 24 h in an in vivo study suggesting partial loss of the ethoxy group (Meek et al., 2012) . Again, the fluorine atom present on the OPChE adduct may facilitate oxime-mediated reactivation and disfavor aging. Because the radiotracer would be introduced into the bloodstream, the reactivation rate of butyrylcholinesterase was also needed. HuBChE inhibited by F-VX surrogate underwent oxime-mediated reactivation at 30 min with rate constant 1.14 × 10 −2 min −1 (t ½ = 1.01 h) which was slower than at 18 h (4.19 × 10 −2 min −1 ; t ½ = 0.27 h). However, both rates were found to be comparable to HuAChE and likely proceeding via a similar dephosphylation mechanism. Overall, the in vitro reaction of F-VX surrogate with ChE's affords beta-fluoroethoxy methylphosphonate adducts that undergo both spontaneous and oxime-mediated reactivation (Scheme 6). Spontaneous and oxime-mediated reactivation rates were comparable for both HuAChE and HuBChE and expectedly the oxime-mediated rates were 100-to 250-fold faster than spontaneous rates. Rate accelerations of 100-fold when using oximes for VX-inhibited cholinesterases have been reported (Forsberg and Puu, 1984; Kuca et al., 2010a; Kuca et al., 2010b) . There was little difference in the oxime-mediated reactivation rates found at 30 min and 18 h, and in general, mammalian enzyme inactivated at > 95% of its' initial velocity fully recovered activity. This outcome is highly suggestive of an OP-ChE adduct that does not undergo aging. The process and rate values for inhibition, reactivation and aging are summarized in Scheme 6.
Although of low purity, electric eel AChE was used as a control enzyme due to its' fast substrate turnover and prolonged stability in solution, which allows for prolonged kinetic analyses. EEAChE undergoes spontaneous reactivation 100× faster than HuAChE when inhibited by F-VX surrogate and recovered almost 50% of the original activity within an hour (Chao et al., 2018) . No evidence of aging was observed for F-VX surrogate inhibited EEAChE with > 99% of the original activity restored with 2-PAM. Rates derived with EEAChE are not applicable comparable to mammalian AChE but some point of comparison are worthy of note. For example, OP-AChE adducts formed from CWAs do not reactivate to the levels observed from F-VX surrogate due to a competing aging process. The nerve agent VX is an exception (Sidell and Groff, 1974) that yields an (EtO)(Me)P(O)-AChE adduct that is largely reactivatable but still undergoes some aging (Dorandeu et al., 2008; Kuca et al., 2010a; Meek et al., 2012; Shih et al., 2010a) .
The difference in the AChE-VX and AChE-F-VX adducts is the betafluoro substituent that favors a nucleophilic process (water or an oxime). Cholinesterases inhibited by F-VX surrogate show no evidence of aging as evidenced by rapid reactivation and almost full restoration of activity following treatment with 2-PAM. The lack of aging for this adduct is likely due to the small ethyl ester combined with the electronwithdrawing fluorine that collectively suppress the cation-based mechanisms although an aging pathway cannot be ruled out in vivo as was reported for the VX surrogate compound (Meek et al., 2012 (Kikuchi et al., 2007; Kikuchi et al., 2009; Kikuchi et al., 2010; Shinotoh et al., 2004; Volkow et al., 2001) . For example, carbon-11 tracers fashioned as either AChE substrates or as reversible binding radioligands have been used for functional imaging (Kikuchi et al., 2007; Kikuchi et al., 2009; Kikuchi et al., 2010) . However, the only known PET tracer based on an OP has been [ 11 C]sarin (Prenant and Crouzel, 1990 ), but to our knowledge reports of this tracer in animals have not been available in the literature.
In vivo CNS penetration and distribution determinations for [ 18 F]
VX-surrogate was performed in parallel with magnetic resonance (MR) and micro-computed axial tomography (CT) scanning, where the MR-CT data defined anatomical locations which enabled definitions of cerebral regions of interest (ROIs) (Paxinos and Watson, 2007) (James et al., 2014) . Radioactivity in the ROIs was then determined as standard uptake values (SUV) (Innis et al., 2007) for comparison across rat subjects and average CNS radioactivity signals measured as ROI over time.
A representative time-activity curve for cerebral SUV radioactivity 2-PAM-mediated reactivation; huAChE (t 1/2 = 0.5 h) huBChE (t 1/2 = 0.3 h) spontaneous reactivation; huAChE (t 1/2 = 131 h) huBChE (t 1/2 = 100 h) huAChE 7.5 x 10 5 M -1 min -1 huBChE 1.9 x 10 5 M -1 min -1 (loss of OPNP)
Scheme 6. Inhibition, reactivation and non-aging determinations and processes for HuAChE and HuBChE inhibited by F-VX surrogate.
profiles for the tracer alone from 0 to 120 min is demonstrated by solid lines (Fig. 3) . The curves reveal rapid brain uptake of the tracer immediately after injection with ≥2.0 SUV (about 4% of injected dose) found in all ROIs between 0 and 30 min post tracer injection. Therefore, the [
18 F]VX-surrogate readily penetrates brain after tail vein i.v. administration.
A sagittal brain image example as the summed radioactivity over 120 min with defined two-dimensional cerebral ROIs following tracer administration depicting the relative amount of tracer found in CNS (Fig. 4) .
The Fig. 3 baseline (tracer only) time-radioactivity curves (solid lines) and the Fig. 4 image demonstrate differential radioactive signals in the ROIs after [
18 F]VX-surrogate i.v. injection. At 60 min, high signals are found in mid-brain, thalamus and brain stem, with lower signals in the frontal cortex and caudate-putamen, and the lowest signal is found in the cerebellum. Brain ROIs except cerebellum equilibrate by 30 min and remain to 120 min. Interestingly, the decrease in cerebellum radioactivity more closely resembles peripheral tissues, especially lung ( (Fig. 3) are consistent with relative regional cerebral rat AChE densities as determined by ex vivo histochemical measures Biegon and Wolff, 1986; Segal et al., 1988) and non-OP tracer AChE PET imaging profiling (Funaki et al., 2003; Planas et al., 1994; Ryu et al., 2005) . As depicted in Fig. 4 , it is important to note that no radioactivity was found in skull or bone suggesting that [
18 F]fluoride ion was not liberated, otherwise To determine if the tracer interaction with AChE led to the adduct proposed in vivo, experiments using a competing, non-radioactive OP were needed. The 19 F-VX non-radioactive surrogate was selected for blocking experiments as it is the identical to the tracer and only slightly less potent than paraoxon as an AChE inhibitor (Chao et al., 2016; Chao et al., 2018) . Pretreatment of rats with non-radioactive F-VX surrogate F]VX-surrogate tracer quickly and effectively penetrates brain, and distributes to different regions of brain after 90 min that correlate to known AChE densities. At later time points, the CNS toxicokinetics remain constant which are consistent with the amount of fluorine-18-labeled-AChE covalent adduct formed. Although the fluorine-18-labeled OP is novel in that it reports on an OP-AChE adduct, further development of dynamic OP PET imaging technology is needed to identify and track in vivo mechanisms of action and the effect of countermeasures in relation to the radiolabeled adduct. For example, studies are underway to deploy the [
18 F]VX-surrogate tracer to assess available AChE in CNS tissue after either exposure to other OP agents or treatment of OP exposure tissue with non-radioactive antidote oximes.
11 C-2-PAM: [ 11 C]2-Pyridine aldoximine methiodide
As discussed previously, oximes such as 2-PAM are used to counteract the action of toxic organophosphates by removing the phosphoryl moiety from the serine hydroxyl of AChE thus restoring its catalytic activity. The action of the oxime is effective so long as there is OPinhibited AChE at the synapse, and therefore it is beneficial to maintain a therapeutic level of oxime over the first few hours of exposure to reverse inhibition and achieve clinical recovery. There are two key concerns to oxime therapeutics. First, oximes are largely ineffective when the OP-AChE inhibitor complex has undergone aging. Second, most oximes are quaternary amines and exist as charged cations that exhibit very low volume of distribution (< 1.0 L/kg) and short in vivo half -lives (~1 h) limiting blood brain barrier penetration; and thus, are with limited therapeutic action in the CNS. In terms of the limited action in brain, 2-PAM has been reported to enter rat brain in a dosedependent manner in the absence of OP treatment (Sakurada et al., 2003) and that [
14 C]2-PAM enters brain more readily following OP exposure (Firemark et al., 1964; Hobbiger and Vojvodic, 1967) . Although 2-PAM enters brain at low levels, it is unclear how CNS levels might vary over time or as a function of OP exposure. Still, it is well-established that an oxime be part of the overall standard of care to treat OP exposures along with a cholinergic blocker (e.g., atropine) and anti-seizure medication (benzodiazepine). Thus, the role and efficacy of most clinically-approved oxime antidotes is to treat the peripheral toxicity where any amelioration of symptoms is considered beneficial. Citing these limitations, there has been a significant amount of development into new oxime and oxime-like therapeutics that can reactivate OP-aged cholinesterase or better access the CNS (brain penetrable). Before new antidotes can achieve clinical success, the PK/PD measures of new candidate therapeutics need to be evaluated in a dynamic, living system. The well-established, clinically-approved, antidote 2-PAM was an excellent candidate to convert into a first-in-class PET tracer to conduct initial measures and to create a novel platform technology and critically assess and compare with new countermeasures. A PET tracer based on the cation 2-PAM would permit, dynamic quantitative determinations in PNS and CNS tissues and a unique, in vivo perspective on therapeutics lacking a specific target in tissues not exposed to an OP. In addition to providing specific PK measures, a 2-PAM PET tracer could provide insights and measures in a dynamic system alone or as part of the standard of care, and/or in naïve versus OP-challenged animals. With [ 11 C]2-PAM tracer in hand, the evaluations included ex vivo biodistribution and in vivo dynamic PET imaging in rats (not exposed to OPs) for [ 11 C]2-PAM tracer alone and when tracer was co-injected with a therapeutic dose of nonradioactive 2-PAM. Under these conditions, the acquired data for [ 11 C] 2-PAM would enable correlations to previously established toxicology studies (Eddleston et al., 2008; Firemark et al., 1964; Jokanovic, 2012; Jokanovic and Prostran, 2009; Jokanovic and Stojiljkovic, 2006; Petrikovics et al., 2004; Sakurada et al., 2003; Shih et al., 2010a) .
Biodistribution of [ 11 C]2-PAM
Biodistribution and PET imaging studies were performed on rats administered the tracer [ 11 C]2-PAM by tail vein i.v. injection under light isoflurane (1-2%). For the biodistribution study, baseline radioactivity profiles for blood, bone (femur) and select tissues were sampled up to 60 min after tracer injection (Fig. 6) . The highest uptake was in kidney, lower amounts in liver, lung and heart, and lowest in blood, brain and bone. For all samples, time-dependent radioactivity uptake and washout profiles were observed over the 60 min experiment. Rapid uptake and washout are consistent with the lack of a high affinity 2-PAM target within the tissues and blood. Elevated radioactivity levels in kidney were anticipated for the highly water soluble 2-PAM and is associated with clearance (Gupta, 2015; Jovanovic, 1989) . Limited uptake in brain is usually linked to the diminished ability of cationic [
11 C]2-PAM to diffuse across the BBB (Firemark et al., 1964; Sakurada et al., 2003) and/or its'rapid export from the CNS. As only 10-15% of this radioactivity can be accounted for from the cerebral blood pool (Everett et al., 1956) , the minimal brain radioactivity is thought to be mostly associated with tissue. Since radioactivity levels in liver were highest at 5 min (Fig. 6 ), the amount of parent tracer relative to metabolites was determined at this time point. Tail artery blood sampling, processing and chromatographic profiling against chemical standards afforded the distribution of metabolites (Fig. 7) as follows. The serum showed 82% parent [ 11 C]2-PAM tracer and the remainder a mixture of the metabolites as follows: Nmethyl-2-pyridinecarboxaldehyde (4.4%), a mixture of N-methyl-2-pyridinecarboxamide, N-methyl-2-pyridinecarboxylic acid, and N-methyl-2-pyridinecarbonitrile (4.7%), and N-methyl-2-pyridone (8.6%). The metabolite distribution is consistent with that reported previously (Enander et al., 1962; Firemark et al., 1964; Poziomek et al., 1958) in which the majority of recovered mass is 2-PAM with most metabolic changes occurring at the oxime functional group. Overall, the metabolite distribution provides some insight into the maximal 5 min liver biodistribution radioactivity profile.
Biodistribution of a therapeutic dosage of 2-PAM with [
C]2PAM
Although there is significant value in understanding the PK/PD properties of OPs at tracer levels because even minute exposures can result in a potentially toxic event, oximes should be studied at or near the therapeutic dose to accurately represent the biodistribution profile that is applied following an OP exposure event. The study co-injected rats with a mixture of [ 11 C]2-PAM with 30 mg/kg (human therapeutic dose) of non-radioactive 2-PAM (Jokanovic, 2012; Jokanovic and Stojiljkovic, 2006; Sakurada et al., 2003) , and the results (Fig. 8) were compared to baseline (tracer alone).
Statistical (one-way ANOVA) analyses revealed that there was no significant difference in tissue distributions at 5 min except liver (P = .0085) that may represent different effects on tracer metabolism in the absence vs. presence of 2-PAM. It is worthy to note that no significant difference in the uptake in brain radioactivity was observed when comparing tracer alone and tracer plus therapeutic 2-PAM dose. Overall, the biodistribution PK profiles from the [ 11 C]2-PAM tracer low mass doses closely resemble those observed with the therapeutic doses (Gupta, 2015; Jovanovic, 1989) .
Imaging of [ 11 C]2-PAM with and without therapeutic levels of 2-PAM
PET imaging offers a powerful, complementary method to biodistribution in that it allows for dynamic evaluations of tissue radioactivity in live subjects. Somewhat experimentally constrained by the carbon-11 half-life of~20 min, PET scan evaluations were conducted over 30 min, adjunct to CT and MR scan data to identify regional anatomical and tissue boundaries, and to conservatively define volumetric threedimensional ROIs (Paxinos, 2015; Paxinos and Watson, 2007; Walker and Dominique, 1997) . The radioactivity is determined as standardized uptake values (SUV) to provide consistency across rat subjects (Gambhir, 2004 ) versus time. The resultant time-activity curves (TACs) for tracer alone and tracer with non-radioactive 2-PAM data are shown in Figs. 9 and 10 along with a representative sagittal PET view of summed radioactivity (Fig. 11) .
The baseline PET imaging plot ( Fig. 9 ; Panel A) shows a similar profile to the ex vivo biodistribution data. When [ 11 C]2-PAM is co-injected with 30 mg/kg of 2-PAM ( Fig. 9 ; Panel B) the biodistribution data was similar (Panel A vs. Panel B) with washout apparent by 25 min. The higher radioactivity levels in kidney and liver likely represents greater tissue reservoirs for the cationic 2-PAM and is associated with clearance and metabolism, respectively. The brain TACs (Fig. 10 ) for baseline and co-injection of 2-PAM are similar in that low levels of radioactive 2-PAM enter brain, and reach a steady concentration after 5 min. A slight decrease in brain levels when co-injected with unlabeled 2-PAM ( Fig. 10) at equilibrium was expected due to overall dilution in circulating 2-PAM. Overall, the presence of a large excess of 2-PAM along with tracer does not influence the amount of radioactivity penetration into brain, which was anticipated without a specific target for 2-PAM to bind. The PET imaging data shows that the carbon-11 half-life for there is now an opportunity to assess OP exposed rats with the tracer. Thus, similarities and differences found between naïve vs. OP exposed rats will report on key in vivo therapeutic PK/PD parameters for 2-PAM which will serve as foundational data for comparative use in relation to other radiolabeled oxime tracers.
Concluding remarks: potential of OP and oxime PET tracers to assess new and emerging countermeasures
The overarching rationale for this investigation has been to study, develop and eventually provide a number of technologies for an imaging-based platform that would enable the interrogation and selection of new and existing countermeasures to combat OP exposures. This goal required the preparation and study of a panel of PET tracers representing both reactive organophosphates and oxime antidotes that considers their tissue distributions, key mechanisms of actions and competing in vivo process. To date, we have reported the preparation of three different OP PET tracers bearing fluorine-18 or carbon-11 Fig. 9 . PET imaging detected radioactivity vs. time (min) in rats. radionuclides and the antidote therapeutic carbon-11 2-PAM. Additional OP tracers representing chemical warfare agents and insecticides that react uniquely with AChE will be reported in due course. Although one OP PET tracer would be sufficient to study the efficacy of a new countermeasure, the benefit to multiple OP PET tracer subtypes cannot be underestimated. For example, the [
18 F]VX-surrogate yields an OP-AChE adduct that, due to the presence of the fluorine atom does not undergo appreciable aging and therefore is a stable, tracerlabeled enzyme adduct in the CNS. This is a highly useful, mechanistically-precise molecular probe to conduct displacement studies with oximes, especially those customized for improved brain penetration. OP PET tracers afford dynamic qualities at ultra-low doses that permit quantitative analyses in live tissues with rapid decomposition of the isotope. Because of the low detection levels, OP PET tracers can be used to conduct longitudinal and/or chronic exposure studies that are inherently problematic with toxic exposure doses or with other radioisotopes (e.g., C-14, H-3, etc.) . Due to their unique targeting and covalent action, OP PET tracers can also be used to assess residual or remaining AChE activity following exposure to other cholinesterase inhibitors. Such measures might be used to indirectly establish the exposure progress or conditional state of the brain, spine and peripheral nervous system tissues. The prospect for additional oxime PET tracers is likely, yet less clear due to plausible synthetic limitations. However, [
11 C]2-PAM itself is of potentially greater utility than originally thought. As mentioned, in naïve tissues 2-PAM is administered without a specific, high-binding target, and as such, is unique in PET imaging studies. Once an OP exposure occurs, 2-PAM is administered and serves largely as a peripheral reactivator. As 2-PAM penetrates brain poorly, the PK and imaging measures conducted provide an important CNS baseline by which other new countermeasures can be assessed both in peripheral and central tissues. The data regarding 2-PAM brain levels, although very low, establish a likely minimum by which other antidotes seeking to cross the BBB might be compared. With [ 11 C]2-PAM tissue measures now completed at tracer and tracer plus therapeutic level, any changes or additions to the standard of care can be measured relative to these baselines to determine if drug-drug interactions occur that might alter the PK of individual components or their biodistribution into key tissues.
